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Sexual cues directly trigger ritualistic behavioral sequences mediated by preprogrammed neural circuits. Hattori et al. demonstrate that male mouse pheromone ESP1 stimulates male aggression and female sexual behavior via sex-specific neural activation. ESP1 also acts as an auto-stimulatory factor enhancing aggression through selfexposure.
SUMMARY
Exocrine gland-secreting peptide 1 (ESP1) released into male tear fluids is a male pheromone that stimulates sexually receptive behavior in female mice via the vomeronasal sensory system. ESP1 also induces c-Fos expression in male brain regions distinct from those in females. However, behavior in males following ESP1 exposure has not been examined. In the present study, we show that ESP1, in conjunction with unfamiliar male urine, enhances male aggression via the specific vomeronasal receptor V2Rp5. In addition, male mice that secrete ESP1 but lack V2Rp5 exhibit a lower level of aggressiveness than do mice that express V2Rp5. These results suggest that ESP1 not only acts as a male pheromone in both sexes but also serves as an auto-stimulatory factor that enhances male aggressiveness by self-exposure. Finally, re-activation of ESP1-induced c-Fos-positive neurons by using the designer receptor exclusively activated by designer drug (DREADD) approach resulted in enhancement of sexual and aggressive behaviors in female and male mice, respectively, indicating that sexually dimorphic activation in the brain is a neural basis for the sex-specific behavioral responses to ESP1.
RESULTS AND DISCUSSION
Pheromones are a specific set of chemical cues that play an essential role in intra-species communication [1] . In mice, the vomeronasal organ (VNO), which is located beneath the nasal cavity, detects chemicals that convey biologically relevant information, including sex, reproductive status (i.e., pheromones), the presence of a predator, and individuality [2] [3] [4] . Indeed, ablation or functional loss of the VNO results in impairment of sex recognition, suggesting that the VNO mediates pheromonal signals leading to sex-specific adaptive behavior [5] .
Exocrine gland-secreting peptide 1 (ESP1) is a 7-kDa peptide that is released into tear fluids of adult male mice and stimulates the VNO in female mice [6] . Female mice, which receive ESP1 information, exhibit robust sexual receptive behavior called lordosis upon male mounting, resulting in a higher copulation success rate [7] . Thus, ESP1 appears to be a male pheromone that enhances sexual behavior in female mice.
ESP1 activates a specific vomeronasal receptor, V2Rp5 (Vmn2r116), which transmits the ESP1 signal to the medial amygdaloid nucleus in the brain [7] . In higher brain regions, there are sexually dimorphic activation patterns in c-fos expression upon stimulation with ESP1. In females, neurons in the posteromedial cortical amygdaloid nucleus (PMCo) and the ventromedial hypothalamic nucleus (VMH) were c-fos-activated, whereas a c-fos increase was observed in the bed nucleus of the stria terminalis (BNST) and the medial preoptic area (MPA) in males. Neither neural activation nor sexual behavior was observed in V2Rp5-deficient female mice, suggesting that the ESP1 signal is processed via the select vomeronasal-receptor-mediated sex-specific neurocircuitry.
Although the function of ESP1 in female sexual behavior has been revealed, behavioral outcomes in males upon ESP1 exposure are currently unknown. In this study, we have addressed the following three questions: What behaviors are exhibited by male mice that do not secrete ESP1, such as the C57BL/6 (B6) strain, when they encounter ESP1? In mice that secrete ESP1, such as the BALB/c (BALB) strain, are there any behavioral effects of selfexposure to ESP1? Are sexually dimorphic brain activation patterns responsible for sex-specific behavioral output?
ESP1 Acts as a Male Signal to Enhance Aggression in Recipient Resident Males
Most wild-derived mice, as well as BALB and DBA strains, secrete ESP1 in tear fluids, whereas many laboratory mouse strains, including ICR, B6, and A/J, do not express ESP1 [7] . We first examined aggressiveness in ICR male residents, which do not secrete ESP1, toward intruder males of various strains. ICR male residents showed more attack-bite the intact BALB intruder than the B6 or A/J ( Figure 1A ). However, aggression in ICR males was significantly lower when BALB intruders had been castrated at 3 or 7 weeks of age (3w Cast. BALB or 7w Cast. BALB), suggesting that the higher frequency of attack bites toward BALB mice was due to testosterone-dependent compounds ( Figure 1A) . (A) Attack-bite frequency of ICR resident mice to various strains of intruders in the aggression test. ICR residents (n = 8) were repeatedly confronted with the following intruder mice: C57BL/6 (B6), A/J, BALB/c (BALB), BALB mice that had been castrated at 3 (3w Cast. BALB; 12-14 weeks) or 7 weeks of age (7w Cast. BALB; 12-15 weeks). The statistical significance was obtained by repeated-measures ANOVA with Bonferroni post hoc corrections, stimuli (F [4, 28] = 15.27, p < 0.01). **p < 0.01. No significant differences in the other behavioral parameters were observed (data not shown). (B) Attack-bite frequency of ICR resident mice pre-exposed to various stimuli when confronted with 3w-cast. BALB or 7w-cast. BALB intruders on the aggression test. ICR residents (n = 13) were exposed to various stimuli prior to encountering a 3w Cast. BALB (left panel) or 7w Cast. BALB intruder (right panel). The statistical significance was obtained by repeated-measures ANOVA with Bonferroni post hoc comparisons 3w Cast, F [6, 72] = 4.31, **p < 0.01: 7w Cast, F [1, 19] = 22.33, **p < 0.01. There were no significant differences in the other behavioral parameters (data not shown). See also Movie S1. (C) Attack-bite frequency of V2Rp5 gene-targeted B6 mice when confronted with 3w-castrated BALB intruders on the aggression test. V2Rp5 gene-targeted B6 mice (À/À; V2Rp5 null, +/À; V2Rp5 heterozygote, +/+; V2Rp5 wild-type) were pre-exposed to ESP1 or Tris-HCl control with or without intact BALB urine and then confronted with 3w Cast. BALB intruders V2Rp5 +/+ (n = 18), V2Rp5 +/À (n = 16), V2Rp5 À/À (n = 11). There were no significant differences in the other behavioral parameters (data not shown). The statistical significance was obtained by two-way repeated-measures ANOVA with Bonferroni post hoc corrections: genotype (F [2, 42] = 27.53, p < 0.01), pre-stimuli (F [3, 126] = 17.25, p < 0.01), genotype 3 stimulus interaction (F [6, 126] To determine whether the high level of aggressiveness of ICR males toward BALB intruders was due to ESP1, we measured the aggressiveness of ICR residents that were exposed to various stimuli prior to encountering 3w Cast. BALB intruders. When ICR residents were exposed to intact BALB urine and ESP1, they engaged in a significantly greater number of attack bites than when exposed to intact BALB urine and other vomeronasal activators, such as ESP4 and a combination of ESP-family peptides, or to intact BALB urine alone ( Figure 1B , left panel; Movie S1). In the absence of intact BALB urine, ESP1 alone did not enhance attack biting, suggesting that ESP1 enhances aggression in recipient males when intact male urine is simultaneously presented.
We previously showed that ESP1 expression in males is suppressed by castration before puberty (at 3 weeks of age), but not after (at 7 weeks of age) [6] . When BALB males castrated at 7 weeks (7w Cast. BALB) were utilized as intruders, pre-exposure of ICR residents to intact BALB urine alone resulted in enhanced aggression compared to Tris-HCl controls ( Figure 1B, right panel) . These results support the notion that both ESP1 and intact male urine are required for high aggressiveness.
To confirm that the enhanced aggression was mediated by the ESP1 receptor, V2Rp5, we examined aggressiveness in B6 males that lacked V2Rp5. When ESP1 and intact BALB urine were pre-exposed together, V2Rp5 wild-type and heterozygous residents were significantly more likely to attack-bite intruders than were the other stimuli groups (a versus b versus c; p < 0.01; Figure 1C ). However, in the V2Rp5-null resident, the effect of ESP1 on attack biting of 3w Cast. BALB intruders disappeared in V2Rp5-null resident males ( Figure 1C ). Taken together, our results suggest that ESP1, when co-presented with intact male urine, acts as a male signal to induce aggression in the recipient male via the specific vomeronasal ESP1 receptor, V2Rp5. 
Unfamiliar Urine Is Necessary for ESP1-Enhanced Male Aggression
To examine the role of urine in the enhancement of aggressiveness by ESP1, we compared its effect when paired with familiar or unfamiliar urine. Attack biting of B6 residents toward 3w Cast. BALB intruders increased when B6 residents were pre-exposed to ESP1 with BALB urine, but not with B6 urine (Figure 2A, left  panel) . Similarly, while BALB residents were aggressive to 3w Cast. BALB intruders when they were pre-exposed to ESP1 and B6 urine, this was not observed when ESP1 and BALB urine were presented (Figure 2A, left panel) , suggesting that unfamiliar urine is important for ESP1-induced attack behavior.
Self-Secreted ESP1 Acts as an Auto-stimulatory Factor to Increase Aggressiveness In contrast to most laboratory mouse strains, wild mice secrete a robust amount of ESP1 in tear fluids [8] . Therefore, in the natural environment, males are exposed to their own secreted ESP1 after the puberty stage. Using BALB males that secrete ESP1 after puberty in a testosterone-dependent fashion, we examined the effect of self-exposure on aggressiveness. BALB residents that were pre-exposed to B6 urine alone exhibited attack behavior, (Figure 2A , right panel), as frequently as those pre-exposed to both B6 urine and ESP1 (Figure 2A, left panel) . This is in contrast to the case of B6 residents such that BALB urine alone was not sufficient to increase aggressiveness (Figure 2A, right panel) . These results suggest an interesting hypothesis that BALB mice have intrinsically higher aggressiveness to unfamiliar male due to self-secreted ESP1 ( Figure S1B ). To elucidate the function of ESP1 as an auto-stimulatory factor, ESP1 non-secreting adult C57BL/6 mice were exposed to ESP1 for 1 month, and the aggression level was subsequently assessed ( Figure S2A ). Daily exposure to ESP1 enhanced the attacking behavior seen in mice exposed to BALB urine without ESP1, indicating an increase in sensitivity to BALB urine ( Figure S2B ). However, 1 month of ESP1 exposure was not sufficient to maintain the hyperaggression once the exposure was terminated, indicating that ESP1's self-stimulating role in aggression occurs only upon continuous stimulation with ESP1.
To test the possibility of auto-stimulatory effects of ESP1, we generated V2Rp5-null BALB mice that secreted ESP1, but could not detect ESP1 due to a lack of V2Rp5. The number of attack bites in V2Rp5 wild-type (+/+) or heterozygous (+/À) residents, which had been exposed to ESP1 and B6 urine or B6 urine alone, was significantly higher, while no increase in aggression was observed in V2Rp5-null BALB (À/À) residents that had been The expression of the hM 3 D q receptor was induced by ESP1 prior to the behavior tests. hM 3 D q fos double-transgenic male group (FT/M3, n = 12) and other genotype groups (FT/À, n = 10; À/M3, n = 10; À/À, n = 10). The statistical significance was obtained by two-way repeated-measures ANOVA with Bonferroni post hoc corrections: genotype (F [3, 38] = 20.85, p < 0.01), injections (F [1, 38] = 29.56, p < 0.01), genotype 3 injection interaction (F [3, 38] = 53.67, p < 0.01). There were no significant differences in the other behavioral parameters (data not shown). Differences between each column: **p < 0.01. Data are represented as mean ± SEM. See also Figure S4 and Movie S2.
pre-exposed to B6 urine alone, even though the À/À resident mice secrete ESP1 themselves ( Figure 2B) . A possibility that the enhancement of aggression of BALB mice by B6 urine was due to the major urinary protein 3 (MUP3) in B6 urine [9] was tested by adding rMUP3 to BALB urine. We observed no increase in aggression and no activation of V2Rp5-expressing neurons in the VNO (Figure S3 ), demonstrating that the increased aggression of a BALB resident exposed to B6 urine was not due to MUP3 in B6 urine. These results indicate that ESP1 secreted by males functions as an auto-stimulatory factor that increases intrinsic aggressiveness via self-exposure.
Sexually Dimorphic Activation in the Brain Ensures ESP1-Mediated Sex-Specific Behaviors
To examine whether differences in c-fos expression patterns in male and female brain regions upon ESP1 stimulation are responsible for sexually dimorphic behavioral outcomes, we manipulated the activity of c-Fos-induced neurons and measured behavior. We adopted transgenic mice that carried two transgenes (hM 3 D q fos mice) [10, 11] . The first allele, c-fostTA (FT), codes for the tetracycline transcriptional activator (tTA) under the control of a c-fos promoter. The second allele, TRE-hM 3 D q (M3), allows expression of hM 3 D q under the tet operator (tetO), which is activated upon binding of tTA [11] . The mice in which c-Fos-induced neurons expressed the hM 3 D q receptor, and c-Fos-activated neurons following ESP1 stimulation were reactivated by CNO, a hM 3 D q agonist, in males and females. A Student's t test revealed that the higher numbers of c-Fos-immunoreactive (ir) neurons in the BNST and MPA were observed in CNO-injected hM 3 D q fos male mice than in saline-injected ones ( Figures 3A-3C ). It was also found that simultaneous stimulation with ESP1 and unfamiliar urine, which enhance aggression, showed an additive increase in the numbers of c-fos positive neurons in the MPA and BNST ( Figure S4 ). In females, a Student's t test revealed that more c-Fos-ir neurons were found in the VMH and PMCo of CNO-injected hM 3 D q fos mice than in the saline group (Figures 4A-4C ). These c-Fos distribution patterns were consistent with those observed when male and female mice were exposed to ESP1 [7] . In the aggression test, the number of attack bites was significantly higher for CNO-injected hM 3 D q fos double-transgenic (FT/ M3) males in the presence of BALB urine compared to all other groups ( Figure 3D ; Movie S2). The increment of aggression induced by CNO was specific to the ESP1 pre-exposed mice but not to Tris-stimulated control mice (data not shown). In a sexual behavior test using hM3Dqfos female mice, the lordosis quotient was higher in CNO-injected hM 3 D q fos double-transgenic (FT/M3) female mice compared to all other groups ( Figure 4D ; Movie S3). These results are consistent with a model where sexually dimorphic c-Fos-activation patterns are responsible for the sex-specific behaviors induced by ESP1. However, sitespecific neural activation was not measured in the present study, and thus further studies are needed to clarify the precise neurons/circuits that mediate the behaviors.
General Conclusions
In the present study, we revealed that ESP1 released in male tear fluids acts as a male signal not only to induce sexually receptive behavior in females, but also to enhance aggression in males via the specific receptor V2Rp5. A synergic effect of unfamiliar male urine and ESP1 was observed for male aggression. The detailed neural network for the integration of multiple sensory inputs, namely, ESP1 and urinary compounds, remains to be elucidated. In addition, we showed that male mice self-exposed to ESP1 exhibited higher aggressiveness toward males, suggesting that ESP1 functions as an auto-stimulatory factor to increase male aggressiveness. Considering the fact that most wild-derived mice secrete ESP1, self-exposure to ESP1 upon the puberty stage ensures that males acquire the high level of aggressiveness that is necessary for surviving in the natural environment. Finally, we demonstrated that ESP1 activated sexually dimorphic vomeronasal-hypothalamus neural circuitries that, in turn, reflected the different behavioral outcomes in females and males. The current study provides important insights into the molecular and cellular mechanisms, as well as the neural circuitry, underlying peptide pheromone-induced sex-specific behaviors in mammals.
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